Microbiota within mosquitoes influence nutrition, immunity, fecundity, and the capacity 24 to transmit pathogens. Despite their importance, we have a limited understanding of 25 host-microbiota interactions, especially at the cellular level. It is evident bacterial 26 symbionts that are localized within the midgut also infect other organs within the 27 mosquito; however, the route these symbionts take to colonize other tissues is 28 unknown. Here, utilizing the gentamicin protection assay, we showed that the bacterial 29 symbionts Cedecea and Serratia have the capacity to invade and reside intracellularly 30 within mosquito cells. Symbiotic bacteria were found within a vacuole and bacterial 31 replication was observed in mosquito cell by transmission electron microscopy, 32
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indicating bacteria were adapted to the intracellular milieu. Using gene silencing, we 33 determined that bacteria exploited host factors, including actin and integrin receptors, to 34 actively invade mosquito cells. As microbiota can affect pathogens within mosquitoes, 35
we examined the influence of intracellular symbionts on Zika virus (ZIKV) infection. 36
Mosquito cells harbouring intracellular bacteria had significantly less ZIKV compared to 37 uninfected cells or cells exposed to non-invasive bacteria. Intracellular bacteria were 38 observed to substantially upregulate the Toll and IMD innate immune pathways, 39 providing a possible mechanism mediating these anti-viral effects. Examining mono-40 axenically infected mosquitoes using transmission electron and fluorescent microscopy 41 revealed that bacteria occupied an intracellular niche in vivo. Our results provided 42 evidence that bacteria that associate with the midgut of mosquitoes have intracellular 43 lifestyles which likely have implications for mosquito biology and pathogen infection. 44
This study expands our understanding of host-microbiota interactions in mosquitoes, 45 48 Introduction 49
Mosquitoes are holometabolous insects with aquatic and terrestrial life stages. Aquatic 50 stages are continually exposed to microbes in the larval habitat while adults likely 51 acquire microbiota from the environment after eclosion or when nectar feeding [1] [2] [3] . 52
Additionally, environmentally acquired microbes may persist in mosquito tissues 53 between aquatic and adult life states facilitating transstadial transmission [4] [5] [6] . It is 54 likely that these processes contribute to the considerable variability seen in the adult 55 microbiome [7] [8] [9] . While our understanding of genetic factors that influence host-56 microbe interactions and microbiome acquisition are expanding [10, 11] , we still have a 57 poor knowledge of these interactions at the cellular level. Given the importance of the 58 microbiome on mosquito traits relevant for vectorial capacity and vector competence 59 [12] [13] [14] [15] , understanding processes that influence microbiome homeostasis is critical for 60 developing microbial-based control strategies [16, 17] . 61 62 Bacterial microbiota often resides within several organs in mosquitoes and appears to 63 be able to migrate between tissues. Several studies have identified bacteria in the gut of 64 mosquitoes [9, [18] [19] [20] , which have led to these microbes being commonly referred to as 65 gut microbes, but many of these bacterial species also colonize other tissues such as 66 the salivary gland [18, [20] [21] [22] [23] , reproductive tract [20, 22, 24] , or malpighian tubules [4] . 67
While some bacteria are unique to each tissue, several infect multiple tissues within the 68 mosquito [20, 25] , and localization in organs such as the malpighian tubules and 69 reproductive tissues likely enables transmission between life stages and generations, 70
respectively. Both Asaia and Serratia are transferred vertically to progeny after 71 administered to the mosquito in a sugar meal, suggesting symbiotic bacteria have the 72 capacity to translocate from the midgut to the germline of their host [20, [26] [27] [28] . 73
However, mechanisms facilitating their translocation remain elusive. Infection of the 74 entomopathogic fungus Beavaria of Anopheles mosquitoes enabled Serratia to escape 75 the midgut and over replicate in the hemolymph, which was the cause of mortality to the 76 insect [29] . In Drosophila, orally infected Serratia localized within the midgut epithelium 77
[30]. While the epithelial infection was rare in wild type flies, Serratia was observed to 78 localize intracellularly in imd knock-out flies, suggesting that host immunity influenced 79 cellular localization or controlled infections [30] . Although intracellular bacterial 80
infections have been observed in the midgut of flies [30] , cellularity of gut-associated 81 bacterial infections in mosquitoes and the mechaimism facilitating systemic infection of 82 different tissues is largely unknown. It is plausible that an intracellular lifestyle could 83 provide a mechanism for transstadial and vertical transmission of bacteria in mosquito 84 vectors. 85
86
In mammalian systems, bacteria exploit their invasive capability to colonize host tissue 87 and systemically spread within multicellular organisms [31] [32] [33] . Pathogenic bacteria like 88 Listeria, Salmonella, Vibrio, and Yersinia invade host cells to colonize, replicate, and 89 migrate between cells [32] . While the invasive capacity and mechanisms have been 90 studied extensively in mammalian cells, in vitro investigation in mosquitoes or other 91 arthropod vectors is lacking. In order to obtain a more complete understanding of the 92 cellularity of bacteria associated with mosquitoes, we assessed the invasive capability 93 of two common Enterobacteriaceae bacteria in mosquito cells using the gentamicin 94 6 invasion assay. Using this in vitro assay, we characterized the invasive process, 95 examined the mechanisms by which bacteria invade cells, and assessed the effect of 96 intracellular bacteria on host immunity and Zika virus (ZIKV) infection. Importantly, using 97 mono-axenically infected mosquitoes, we found that these bacteria have intracellular 98 localization in mosquitoes. This work expands our understanding of host-microbe 99 interactions of gut-associated symbionts in medically relevant mosquito vectors at the 100 cellular level. 101 102
Results and Discussion 103

Symbiotic bacteria invade mosquito cells in vitro 104
Horizontally acquired bacteria are generally considered to infect the gut lumen, they are 105 also found in other organs of mosquitoes including the salivary glands, malpighian 106 tubules, and germline [3, 4, 6, 25, 34] . It remains unknown how these tissues become 107
infected, but it has been proposed these organs may act as a reservoir to facilitate 108 transstadial transmission of microbes between mosquito life stages [4, 5] . One 109 possibility is that gut bacteria exploit their intracellular lifestyle to transition between host 110 tissues. Therefore, we investigated the capacity of bacteria commonly found in the gut 111 of mosquitoes to invade mosquito host cells. We isolated two bacteria within the 112 Enterobacteriaceae family, Serratia sp. and Cedecea neteri, by conventional 113 microbiological culturing approaches, and evaluated their invasive capacity using the 114 gentamicin invasion assay [35] . While invasion assays are routinely used for pathogenic bacteria in mammalian cells, 117 the assay is not commonly undertaken with mosquito cells. We performed the 118 gentamicin invasion assay in Aag2 (Aedes aegypti) and Sua5B (Anopheles gambiae) 119 cell lines comparing the invasion of E. coli BL21 (DE3) with or without the Yersinia 120 pseudotuberculosis (Yp) invasin (inv) gene to invasion of these bacteria in Vero cells 121 (Monkey Kidney cells). In mammalian systems, heterologous expression of the Ypinv 122 gene facilitates invasion of E. coli into cell lines [36] [37] [38] . Similar to mammalian systems, 123
we found that E. coli expressing the Ypinv gene had significantly increased invasion in 124
Aag2 cells compared to the non-invasive E. coli control ( Fig. S1 To further confirm the results from the gentamicin invasion assay, fluorescent and 141 transmission electron microscopy (TEM) were performed on cells after invasion. In 142 order to observe the invaded bacteria in cells using fluorescent microscopy, bacteria 143
were transformed with a plasmid that expressed the mCherry fluorescent protein [41] . 144
Similar to our quantitative results from the invasion assay, we observed a greater 145 number of intracellular bacteria in the Serratia and Cedecea treatments compared to the 146 E. coli negative control ( Fig. 1B and Fig. S2 ). TEM images confirmed both symbionts 147 isolated from mosquitoes were intracellular, and that bacteria were inside a vacuole 148 Next, we characterized the invasion process of Cedecea examining how the multiplicity 155 of infection (MOI) and incubation time influenced invasion. We noted a linear increase in 156 the number of intracellular Cedecea with increasing multiplicity of infection (MOI) ( Fig. 9 aegypti cell lines Aag2 and RML-12 ( Fig. 1E , Tukey's multiple comparision test, p < 163 0.05); however, a greater number of intracellular bacteria were seen in the Sua5B cells. 164 165
In vitro intracellular replication and egression of Cedecea neteri 166
While undertaking TEM, we captured an image of intracellular replication of C. neteri 167 within mosquito cells ( Fig. 2A) . Given that bacteria were seen to replicate in the 168 intracellular environment, we attempted to culture these bacteria in Aag2 cells in a 169 similar manner to in vitro propagation of other intracellular bacteria such as Wolbachia 170
[44]. However, our culturing attempts were unsuccessful as the cell culture media 171 became contaminated with the innoculated C. neteri, despite the extracellular bacteria, 172 which had not invaded, being killed by gentamicin treatment. We hypothesized that 173
intracellular Cedecea were egressing from the cells and replicating within the cell 174 culture media. 175
176
We therefore undertook experiments to quantify bacterial egression from the cells. After 177 allowing C. neteri to invade, Aag2 cells were incubated with or without gentamicin and 178 intracellular and extracellular bacteria were quantified over time. Within the cell, 179 bacterial numbers remained constant in the presence of gentamicin while in the 180 absence of antibiotic, there was an an approximate 10-fold increase at eight hours post 181 infection ( Fig. 2B , Unpaired t test, p<0.05). In the cell culture media, we observed a 182 precipitous increase in bacteria in the absence of antibiotic and recovered little to no 183 viable bacteria when antibiotics were included in the media (Fig. 2C , Unpaired t test, 184 p<0.05). These data indicated that C. neteri was egressing from the cells, replicating in 185 the cell culture media in the absence of antibiotic and then re-invading mosquito cells, 186 which accounted for the significantly higher titer of intracellular Cedecea in the non-187 antibiotic treated cells at 8 hours post infection. We found few changes in the total 188 number of mosquito cells in gentamicin treated or untreated cells, although there was a 189 subtle but significant reduction in cell number after 8 hours in the treatment without 190 antibiotics ( Fig. S3 , Unpaired t test, p<0.0001). However, overall, these data indicated 191 that bacterial invasion and egression were not overly detrimental to the host cells. 192 193
Host actin and integrin are important for Cedecea neteri invasion 194
The lack of damage to host cells indicates non-lysis mediated exit of bacteria from host 195 cells. While this would be expected from a mutualistic or commensal gut-associated 196 bacterium, even some pathogens such as Mycobacteria, Shigella, and Chlamydia use 197 protrusions and non-lytic exocytosis to exit the host cells without lysis of host cells [45-198 48] . The former method involves membrane extensions containing bacteria mediated by 199 actin polymerization and ultimately these protruded structures are engulfed by 200 neighboring cells resulting in the transfer of content to adjoining cell [49] . We therefore 201 hypothesized that C. neteri may use actin-based motility as a mechanism to invade and 202 exit cells. 203
204
To determine the role of the actin cytoskeleton in invasion of bacteria into mosquito 205 cells, we inhibited the polymerization of actin filaments using cytochalasin D [50]. We Unpaired t test, p < 0.01) days post virus infection (dpvi) ( Fig 4A and 4B ). Similar to 234
Cedecea, intracellular Serratia also significantly reduced ZIKV density by four logs 235 compared to the uninfected cells at four dpvi ( Fig. 4C 
Cedecea invasion stimulates mosquito immunity 249
There is a complex interplay between the host innate immune system and microbiota 250 which maintains microbiome homeostasis [16, 62, 63] . However, invading arboviral 251 pathogens are also susceptible to these immune pathways [64, 65] thereby providing an 252 indirect mechanism by which microbiota can interfere with pathogens. We therefore 253 examined the immune response of mosquito cells challenged with Cedecea or E. coli 254 13 comparing these responses to uninfected cells. We quantified the transcription factors 255 which could explain their prolific enhancement given that intracellular Cedecea 279 stimulated both pathways. As arboviral pathogens also interact with innate immune 280 pathways, we examined gene expression in cells when co-infected with ZIKV and C. 281 neteri focusing on the NF-κB transcription factors and negative regulators of the Toll 282 and IMD pathways. Patterns of gene expression were similar to the ZIKV uninfected 283 cells with the exception of Cactus, where no significant differences were seen across 284 bacterial treatments ( Fig. 5D and E), suggesting that ZIKV was stimulating the Toll 285 pathway as the negative regulator was depleted when comparing to ZIKV uninfected 286
cells. 287
288 Intracellular Enterobacteriaceae within the Aedes gut epithelium 289
To determine the capacity of C. neteri and Serratia sp. to invade host cells in vivo, we 290 reared Ae. aegypti mosquitoes mono-axenically with either symbiont and analyzed 291 tissues from larvae and adults by TEM and Confocal Laser Scanning Microscopy 292 (CLSM). While it was evident there was an accumulation of extracellular Serratia in the 293 lumen of the larval gut ( Fig. 6A-B) , we also identified bacteria that were associated with 294 the microvilli. Specifically, we found examples of Serratia in the process of transitioning 295 to or from the midgut epithelial cells. We appreciate our results cannot conclusively 296 determine if Serratia was in the process of invading or egressing from cells, but 297 regardless, it suggested that the bacterium had been or was soon to be intracellular. 298
Analysis of gut tissue isolated from adult Ae. aegypti mosquitoes infected with C. neteri 299
revealed the presence of bacteria in the cytosol of epithelial cells (Fig. 6B ). Closer 300 inspection of these images revealed the bacterium was localized within a vacuole ( Fig.  301 6B, yellow insert), which is a typical signature of intracellular bacteria. Here, C. neteri 302 may be exiting the membrane (Fig. 6B , inserts, white arrow), suggesting these bacteria 303
can egress from the membrane bound compartment which could facilitate their 304 replication and spreading. Egression and re-entry mechanisms are used by several 305 pathogenic bacteria like Listeria monocytogenes and Shigella flexneri to escape the 306 vacuoles to replicative niches [69] . We also confirmed the intracellular localization of C. 307 neteri in adult infected guts by CLSM. The orthogonal views of the 3D-reconstructed 308 tissues locate bacteria on the cells as well as inside cells of the posterior gut, 309 demonstrated by the co-localization of actin staining with mCherry signal from bacteria 310 ( Fig. 6C, Fig. S5, Supplementary video 1) . We also found bacteria inside the cells of the 311
Malpighian tubules (Fig. 6C, Fig. S5, Supplementary video 2) . Altogether, TEM and 312 CLSM results clearly show bacteria residing inside the host cells in vivo. 313
314
Our data show that Enterobacteriaceae that commonly infect the gut of mosquitoes 315 have the capacity to invade mosquito cells in vitro and in vivo. To gain access and 316 persist in these cells, bacteria need to overcome the host immune response and the 317 peritrophic matrix (PM). The PM, which acts as a physical barrier that separates 318 epithelial cells from the gut lumen, is expressed constitutively in larvae and after a blood 319 meal in adults. In a range of arthropods, genes associated with the PM are induced by 320 bacteria [70] and in turn, the PM plays a pivotal role maintaining gut microbiome 321 homeostasis, either by protecting bacteria from the innate immune response or 322 restoring bacterial composition and adundance post blood meal [71] . While another 323 study has identified bacteria associating with the epithelium in Anopheles mosquitoes 324
[72] our finding of intracellular bacteria residing within the midgut epithelium of larvae 325 and adults indicates the PM is not completely effective at inhibiting microbiota or that 326 bacteria invade these cells before the PM has established. Alternatively, bacteria may 327 produce enzymes that degrade the PM in a similar fashion to malaria parasites that 328 express chitenases [73] . Innate immunity may be respsonsible for maintaining homeostatsis, which would be 337 consistent with our gene expression data, or alternatively, these mutualistic bacteria 338 may exploit similar molecular processes as their pathogenic counterparts to overcome 339 host immune pathways [74] . The intracellular lifestyle of bacteria and their ability to 340 egress from cells likely facilitates microbial persistence in these holometabolous insects. 341
Our finding of intracellular bacteria in the malpighian tubules further supports this theory 342 as bacteria residing within this tissue are known to be transstadially transmitted [4] . 343 344
Conclusions 345
In conclusion, we have shown through various in vitro and in vivo data that symbiotic 346
Enterobacteriaceae can invade and replicate intracellularly in mosquito cells. Bacterial 347 invasion is mediated by host actin filaments and beta-integrin receptors. Intracellular 348 bacteria dramatically upregulate host IMD and Toll immune pathways and substantially 349 reduce ZIKV density in cells. These data enhance our understanding of host-microbe 350 interactions in mosquitoes and point to a possible mechanism by which bacteria, which 351 are commonly associated with the midgut, could infect other tissues within mosquitoes. Sanger sequenced to identify the bacterial species. To further classify the gut-366 associated bacteria we completed multilocus sequence typing (MLST) as described 367 previously [11, 76] . The MLST sequences were aligned, concatenated and a maximum 368 likelihood tree under the LG model and rapid bootstrap was constructed using Seaview 369
[77] (Fig. S6 ). The sequences have been deposited under accession numbers XXXX. inside the host cells as well as in the medium, the Aag2 cells innoculated with C. neteri 427 were incubated with or without gentamicin for 8h at 28 °C. Every two hours, the 428 supernatant was collected and serial dilutions were plated on LB agar plate to 429 enumerate the bacterial quantity in the medium. The cells were washed two times with 430
Schneider's medium before plating on agar plate. 431 432 Host cytoskeleton and Janus Kinase in Cedecea neteri invasion: The gentamicin 433 invasion assay was performed in the presence of actin and Janus kinase (JAK) 434 inhibitors. The assay was performed by pre-incubating Aag2 cells in presence of 10 or 435 20 μg/ml of Cytochalasin D (Sigma) and 30 or 60 μg/ml of Sp600125 (Sigma) for 1 hr. 436
21
The gentamicin invasion assay was performed as described above with the addition of 437 each specific drug. A 60 μg/ml of DMSO treatment was used as a control. 438
439
RNAi mediated integrin gene silencing in Aag2 cells: In order to assess the role of 440 host integrin receptors in the invasion of C. neteri, the integrin alpha and beta receptors 441 were depleted using RNAi. dsRNA was designed for AAEL001829 and AAEL014660 442 using E-RNAi [79] and amplified using primers with flanking T7 promoter sequence 443
using Ae. aegypti cDNA as a template. dsRNA was synthesized using the T7 444 megascript kit (Ambion). The primers are listed in the Table S1 . dsDNA against GFP 445 was used as control. Aag2 cells were transfected with 0.5 μg of each dsRNA using 446
Lipofectamine™ RNAiMAX (Life Technologies) 48hrs prior to bacterial infection and the 447 gentamicin invasion assay. 448 449 RT-qPCR analysis: Total RNA was isolated from Aag2 cells and reverse transcribed 450 using the amfiRivert cDNA synthesis Platinum master mix (GenDepot, Barker, TX, USA) 451 containing a mixture of oligo(dT)18 and random hexamers. Real-time quantification was 452 performed in a StepOnePlus instrument (Applied Biosystems, Foster City, CA) in a 10 μl 453 reaction mixture containing 10-20 ng cDNA template, 1X PowerUp SYBR green master 454 mix (Applied Biosystems), and 1 μM (each) primer. The analysis was performed using 455 the threshold cycle (ΔΔ CT) (Livak) method [80] . Four independent biological replicates 456
were conducted, and all PCRs were performed in duplicate. In order to assess the 457 expression of innate immune genes, the invasion assay was performed as described 458 earlier and post 24-hr invasion cells were harvested to isolate RNA, followed by cDNA 459 synthesis and RT-qPCR for specific genes. The ribosomal protein S7 gene [81] was 460 used for normalization of cDNA templates. Primer sequences are listed in Table S1 . 461
462
In vitro vector competence of ZIKV in Aag2 cells: The assay was performed in order 463 to assess the how intracellular bacteria modulate ZIKV infection in vitro. After the 464 gentamicin invasion assay with C. neteri at an MOI of 1:1, 1:2, 1:5 and 1:10. After 24 465 hrs, the supernatant was removed, and cells were washed twice with 1x PBS before 466 infecting with ZIKV (Mex 1-7 strain) [82] at an MOI of 1:0.1. After 4 days, supernatant 467 was collected and ZIKV was quantified by focus forming assay [82] . The experiment 468 was repeated three times. 469
Gnotobiotic rearing and in vivo invasion in mosquitoes: Ae. aegypti gnotobiotic 470 larvae were generated as previously described [83] . To synchronize hatching, sterile 471 eggs were transferred to a conical flask and placed under a vacuum for 45 min. To 472 verify sterility, larval water was plated on non-selective LB agar plates. Twenty L1 larvae 473 were transferred to a T75 tissue culture flask and inoculated with transgenic symbionts 474 possessing the pRAM18dRGA-mCherry at 1x10 7 . Bacterial cultures were quantified with 475 a spectrophotometer (DeNovix DS-11, DeNovix) and validated by plating and 476 determining colony forming units. L1 larvae grown without bacteria were used as 477 contamination control, and these mosquitoes did not reach pupation [83] . To feed 478 mosquitoes, ground fish food pellets were sterilized by autoclaving and then mixed with 479 sterile water. 60 µl of fish food (1 µg/µl) was fed to larvae on alternative days. 480 481
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